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SUMMARY

An experimental investigation wes conducted to determine the
penetration of ailr Jets direoted perpendicularly to an alr stream.
Jets issuing from circular, square, and elliptiocal orifices were
investigated and the Jet penetratlon at a position downstream
of the orifice was determined as & functlion of Jet density, Jet
velocity, air-stream density, alr-stream velocity, effective Jet
diameter, and orifice flow coefficlent. The Jet penetrations
were determined for nearly constant values of alr-stream density
at three tunnel-air veloclities and for a large range of Jet vel-
oolties and densities. The results were correlated in terms of
dimensionless parameters and the penetrations of the various shapes
were compared.

Greater penetration was obtained with the square orifices end
the elliptical orifices having an exis ratio of 4:1 at low tunnel-
air velocitles and low jet pressures than for the other orifices
investigated. The square orifices gave the best penetrations at
the higher values of tunnel-sir velocity and Jet total pressure.

INTRODUCTION

A circular jet directed perpendicularly to an air stream can
be setisfactorily utilized as a means of heating or cooling an alr
stream (reference 1). A later investigation (reference 2) showed
thet squere and elliptical orifices glve higher flow coefficients
than circular orifices. Better penetrations might therefore be
obtained with orifice shapes other than circles. In addition, a
large variation of flow coefficient with Jet-pressure ratio was
observed in the investigation reported in reference 2. It is .
possible that better correlation of the date of reference 1 could
be cbtained by including the flow coefficient in the analysis of
the date presented therein. :
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An investigetion to determine the pemnetration of alr Jets -
issuing from circular, squere, and elliptical orifices was under- -
taken in a 2= by 20-inch-duct tunnel at the NACA Lewls laboratory,
and a study of the effect of varletions In the orifice flow coef-
ficient on the correlation of the experimental data was mede. The
Jet penetration at a fixed positlon downstream of the orlfices was
determined at tunnel-air velocities of 160, 275, and 380 feet per
seoond for clrecnler, square, and elliptical orifices. Each orifice
wag Investlgeted over a range of pressure ratios fram 1.15 to 3.2
and at a Jet total temperature of approximately 400° F.

APPARATUS AND PROCEDURE

The orifices Investigated consisted of three circles, two
squares, two ellipses wlth an axls ratio of 4:1, and two ellipses
with an exis ratio of 2:1, The circular orifices hed dlameters of
0.375, 0.500, and 0.625 inch; the squares and the ellipses had
areag equivelent to the 0,375~ and 0.625~inch-diameter circles.
For these investigations, the elliptical orifices were mounted with
the major sxls parallel to the alr gtream and the square orifices
with two edges parallel to the air stream. A boundary-layer bypass
was employed in order to minimize the effect of tunnel doundary
layer. Ailr for the Jets was obtailned by passing high-pressure air
through an electric heater and into & plenum chamber, the upper
wall of which contained the orifices (fig. 1).

Each orifice was investigated over a range of orifice-pressure
ratios from 1.15 to 3.2 for a Jet total temperature of approximately
400° F, and at tunnel-asir velocities of 160, 275, and 380 feet per
second. The penetration of each Jet was measured at the farthest
position downstreem of the orifice cenber line (18.88 in.) with a

rake consisting of 22 thermocouple probes spaced % inch apart.

Static pressures were meassured in the plane of the orifice and at
a point upstream of the orifice by pressure taps in the tumnel wall.

SYMBOLS
The following symbols are used in this report:
c flow coefficient, ratio of measured to theoretical flow
Dj diameter of circular Jet orifice, feet

1 depth of Jet penetration into alr stream at distance s
downstream of orifice center line, feet
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8 mixing distance or distance downstream of orifice center
line, feet :
VJ velocity of Jet &t vena contracta, feet per second

v velocity of free stream, feet per second

w duct width, feet

B 3 viscosity of Jet at vena contracta, slugs per foot-second
o viscogity of free-stream alr, slugs per foot-second

pd mass density of Jet at vena contracta, slugs per cubic foob

o mess density of free-stream alr, slugs per cubic foot

RESULTS AND DISCUSSION

The analysis of reference 1 indicates that the penetration
coefficient Z/DJ can be correlated in terms of the jJet Reynolds

mumber (p4V3D4) /uj, the velocity ratio va/vo, the density ratio
pj/po, the viscosity ratio ”',j/l-"o’ the mixing distance-diameter
ratio s/Dj , and the width coefficient w/DJ. Depth of penetra-

‘l::lont,> defined in reference 1 as the point at which the temperature
1g 1° ¥ above the free-stream total temperature, was obtained from
the temperature profiles measured at the thermocouple rake.

The primery factors in the correlation of the penetration data
are density ratio, velocity ratio, and mixing distance ~dismeter
ratio, as indicated by the results of reference 1. The effect of
the other parameters was not evldent because no conslstent trends
could be observed in the data. Appreciable over-all scatter of the
data, however, indioated that not all the necessary varigbles were
included in the analysis. The analysls of reference 1 does not
tnclude an effect of jet Mach number, thet is, pressure ratio. The
goatter evident in reference 1 may be camsed in part by the vari-
ation of flow coefficient with pressure ratio shown in reference 2.
In addition to the effect of jet Mach number on the flow coefficient
noted in reference 2, a small effect of Jet Reynolds number on the
flow coefficient was observed as well as & small effect of width
coefficient on the jJet flow.
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The inclusion of the flow coefficient in the analysis might
eliminate mich of the deata scatter already discussed by including
in part some effect of jet Mach number, Jet Reynolds number, and
width coefficient. Because the flow coefficient is the ratio of
the actunal flow to the theoretical flow, it may also be considered
as & ratio of the effective Jet erea to the geometric orifice area.
The effectlve Jet dlameter 1s therefore related to the geometric
dlameter by the square root of the flow coefficient.

In order to investligate the effect of flow coefficlent on
the data correlation, a plot simllar to that in reference 1 was
made of the penetratlon coefficient as a function of the product
of the density ratio, the velocity ratio, and the square root of
the mixing distance-diameter ratio (fig. 2). The flow coefficients
were then calculated by the methods presented in reference 2 and
the data in figure 2 were replotted (fig. 3), with the effective
Jet dlameter /Vﬁ'DJ replacing the actual jet dlameter DJ in the

parameters. A comparison of figures 2 and 3 indicates that the
scatter has been reduced by using the flow coefficient in the cor=-
relatlon. It is therefore evident thet the correlation 1s improved
when the actuel Jet diameter is replaced by the effective Jet dia-
meter. Herelnafter the penetration coefficient and mixing distance -
dlemeter ratio are based on the effective Jet diameter and are
redefined as 1/4[C Dy, end s//JE'DJ, respectively.

The analysis of the penetratlons cobtained with the square
orifices was conducted in a manner similar to that employed for
circular orifices. The penetration coefficient was first plotted
as & function of the product of the denaity ratio and the velocity
ratlo. For each square orifice, the penetration coefficient was
besed on the diameter of the equivalent-area circle and in both
cases single curves were obtained. Because the two ocurves for the
square orifices were simllar to those obtained for the cilrcles of
the same area, the penetration coefficients for both square orifices
were plotted as a function of the product of the density ratio,
the veloclty retlo, and the square root of the mixing distence-
diasmeter ratio (fig. 4); as for the circular-orifice data, a single
curve wes obtained. A comparison of figures 3 and 4 showe that
slightly higher penetration coefficients werp obtained with square
orifices then with circular orifices.

A gimiler procedure was first employed In the correlation of
the data obtained with the elliptical orifices, A plot was made of
the penetration coefficlent as & function of the product of the
density retio and the velocity ratio using 2 penetration coefficient
based on the equivalent-aree circle. Resulte obtalned with the
ellipse having an axis ratio of 4:l end an area equivalent to a
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0.375=-inch-dlameter circle are shown in figure 5. Three separate
curves dependent on the tunnel-slr veloclty were obtained. Further
enslysis of these data ghowed that correlation could be obtalned
provided the penetration coefficient was plotted as a function of

the product of the density ratio and the square of the wvelocity
ratio, as shown in figure 6. The data for the 0.625-inch equivalent-
diameter ellipse with an axis ratio of 4:1 were then plotted in

terms of the same parameters and agein a single curve was cbtained
(fig. 6). Comperison shows that the curves in figure 6 are separated
by & function of the eguivalent dlameter. Because of the shape of
the curves at the lower values of the parameter and because they
become approximately parallel at the higher values of the parameter,
it 1s not possible to correlate the deta for both ellipses in terms
of the ratio of mixing distance to diasmeter and obtain a single
curve. It should be posslble, however, to interpolate between

the two curves and obtain wvalues at other ratios of mixing dis-

tence to diameter s/Dj.

In the anslysis of data for the ellipses with an axis ratio
of 2:1, the procedure followed was simlilar to that employed with
the ellipses having an axls ratlic of 4;1. In order to correlate
the penetration coefficlents at 8ll tunnel-air velocltles, the
penetration coefficlent was plotted as a function of the product of
the density ratio and the veloecity ratioc raised to the 1.5 power.
Use of this parameter mede possible the correlation of the data for
the ellipses with an axis ratio of 2:1 (fig. 7). As for the ellip-
ses having an axis ratio of 4:1, the nature of the curves precludes
further correlation in terms of the ratio of mixing distance to
dismeter and agein it is necessery to interpolate between the curves
+to obtain values et other ratios of mixing distance to diameter.

A study of the parameters required for correlating the data of
the circles and the ellipses with axis ratios of 2:1 and 4:1 showed
that the power to which the veloclty ratio was ralised increased
with increasing axis retio. Velocity-ratio exponent is shown as &
function of axis ratio in figure 8. The curve indicates that the
rate of increase of the velocity~retio exponent decreased with
increasing axis ratio. Further study of figure 8 indlcates that an
ellipse turned at right angles to the alr stream may require
exponents less than 1.0 because the effective aspect ratio with
respect to the alr stream is less than 1.0.

Becauge boundary-layer removal wae employed throughout the
investigation, the effect of boundary-layer thickness on Jet penetra-
tion wes not determined. From the correlation of the date, however,
the effect appears to be small. The low momentum of the boundary
layer ensbles the high-veloclty Jet to penetrate the layer almost
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unaffected., Hence, a very thick boundary layer might add slightly
to the penetration beceuse the Jet is farther from the surface
when 1t enters the free stream of high momentum.

Because the ellipses do not correlate in terms of the same
perameters used for the ciroles and the squares, no direct comperi-
son of all the shapes cen be obtalned, except for speclific values
of Jet totel pressure, Jet total temperature, tunnel-alr velocity,
and tunnel total pressure.

The caloculated penetration of the four shapes at assumed
tunnel -alr velocities of 150, 250, and 350 feet per second as &
function of Jet total pressure 1s shown in figures 9(a), 9(b), and
9(c), respectively. These curves were calculated using the curves
of figures 3, 4, 6, and 7 and assuming & free-stream total pressure
of 29.92 inches of mercury, & free-stream total temperature of 59° F,
and & jet total temperature of 400° F.

A study of figure 9 shows that in general at the low tunnel-
alr velocities the squares and the ellipses with an axis ratio of
4:1 gave the best penetration (fig. 9(a)) and at the high tunmel-
air velocities and Jet pressures the squares gave the best penetra-
tione (figs. 9(b) and 9(c)). In general, if the specific conditions
of Jet total pressure, Jet total temperature, alr-stream veloclty,
end air-gtream totel pressure are known, 1t 1s best to calculate
the necessary parameters end to compare the penetration coefficilents
before selecting e particular orifice shape.

SUMMARY OF RESULTS

The following results were obtained from an investlgation to
determine the penetration of air jJets issuing from circular, square,
and elliptical orifices directed perpendicularly to an air stream:

1. The use of the flow coefflcient to obtain an effective Jet
diameter provided better correlation of the penetration coefficients
of ciroular orifices in terms of the usual parameters of density
ratio, velocity ratio, end mixing distance-dlameter ratio.

2. The penetration coefficients obtained with square orifices
could be correlated with the seme paremeter used for the circles,

provided that a Jet dimension equal to the dlameter of the equivalent-

ares cirele was used.
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h - 3. It was possible to correlate the ellipse date in terms

~ _ of the product of the denslity ratio and the velocity ratio raised
to & power. The power to which the velocity ratio must be raised
for correlation increased with increassing axis ratio.

4. CGCreater penetratlions were obtained with square orifices
than with circular orifices of egual area,

S. At low tunnel sirspeeds and low Jet pressures greater
penetration was obtained with the square orifices and the
elliptical orifices having an axis ratio of 4:1 than with the
obther orifices investigated. The squere orlfices gave the best
penetrations at the higher velues of tunnel-air velocity and Jet
total pressure.

Lewls Flight Propulsion Leboratory,
National Advisory Committee for Aeronesutics,
Cleveland, Ohio, September 27, 1948,
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Plenum chamber

-Boundary-layer bypass -

Jet air inlet

Figure 1. - Arrangement of orifice in plane parallel to air atream.
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